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Abstract 
This project proposes the application of textile-based MEMS accelerometer for measuring pelvic tilt angle. Textile-based accelerometer 
provides an alternative to the costly and hazardous radiographic measurement of pelvic tilt. The flexibility of textile structure makes it 
more advantageous to conform to body contour than rigid digital inclinometer and more accurate than indirect trigonometric 
measurement. Conventional MEMS devices are usually constructed from silicon-based material, which is expensive and requires access 
to clean room equipments. Textile material is relatively low-cost, flexible, lightweight, readily available, environmental friendly and easy 
to use. Silver nanoparticles (AgNPs) are used here as the transducer material to induce piezoresistive effect when stress is applied on the 
textile. The electrode and resistor parts of the accelerometer were made by stamping different volume of AgNPs on a cotton cloth. Starch 
ironing method was used to stiffen the textile. The force is applied by the 10g mass attached at the tip of the accelerometer. The working 
principle of this accelerometer is based on piezoresistive effect generated by the conductive nanomaterials patterned on textile substrate. 
When a force is applied, the accelerometer experiences mechanical stress which causes change in its resistance. The initial resistance for 
the accelerometers ranges from 17.00 to 30.97 MΩ. When the tilt angle increases, the relative resistance change also increases in nearly 
linear behavior. The concept of textile-based accelerometer is proven feasible as there is a transducible effect of resistance change when 
the sample is tilted. 
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Nomenclature 
R resistance (ohm) 
R0 initial resistance (ohm) 
ε strain 
σ   stress (Pa) 
σs stress at the surface of cantilever beam (Pa) 
E modulus of elasticity/ Young's Modulus (Pa) 
I area moment of Inertia 
θ bending angle 
L length of cantilever beam (m) 
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b  width of cantilever beam (m) 
h thickness of cantilever beam (m) 
1. Introduction 
Pelvic asymmetry often leads to postural compensation and causes many types of neuromusculoskeletal dysfunctions [1].  
One common complication is lower back pain (LBP) which is thought to be caused by asymmetry pelvic orientation. 
Various methods have been introduced to measure pelvic tilt as a clinical tool to assess pelvic asymmetry. Direct radiograph 
measurement is considered the golden standard for measuring pelvic tilt. However, radiographic measurement is expensive 
and hazardous due to radiation exposure [2]. Other radiationless methods have been proposed such as using trigonometric 
measurement and direct measurement using digital inclinometer. Indirect trigonometric measurement can be performed by 
measuring the distance between anterior superior iliac spine (ASIS) and posterior superior iliac spine (PSIS) using bowleg 
calliper, and the distance of ASIS and PSIS to the floor. The pelvic tilt angle can then be measured using simple 
trigonometric equation [3]. Direct measurement using digital inclinometer was found to be sufficiently capable of yielding 
reproducible data and might be capable for future clinical assessment tool [4]. Another non-invasive measurement method is 
through the usage of Flock of Bird (FOB) system, which utilizes electromagnetic sensor to detect position. This method was 
found to produce nearly similar result with the golden standard radiographic method [5]. Accelerometer sensor had also 
been recently used to measure pelvic tilt accurately [6]. 
Micro Electro Mechanical System (MEMS) accelerometer is an electro-mechanical device that measure acceleration 
force exerted on it. This project proposed the use of cotton cloth as a novel platform material for fabrication of MEMS 
accelerometer to measure pelvic tilt. The development of textiles-based MEMS for pelvic tilt measurement is an effort to 
reduce the cost in medical sensor devices. More than that, the flexibility of cotton cloth is important to measure the 
orientation of the pelvic. Cotton cloth is also widely available, lightweight, easy to manufacture, and environmentally 
friendly. Unlike conventional silicon-based MEMS device, access to special equipments, such as clean room equipments is 
not required. Hence, both the fabrication material cost are cheaper for textile-based MEMS [7]. Conductive nanoparticles 
such as gold nanoparticles, silver nanoparticles or carbon nanotubes are applied on the textile to increase its conductivity. 
Previously, researchers have fabricated tactile sensor by printing gold nanoparticles suspensions onto polyester film [8]. Gu 
et al. managed to increase cotton conductivity by soaking cotton with graphene oxide colloid [9]. Negative piezoresistive 
behavior was previously observed in cotton soaked with single walled carbon nanotubes (SWNT), which portrays textile's 
potential as MEMS sensor [10]. The distance change between the coated nanoparticles due to the applied force on the sensor 
was hypothesized to introduce piezoresistive effect on the textile. This allows measurement of pelvic tilt when the sensor is 
bent due to suspended mass gravitational acceleration change caused by the pelvic tilt. 
Current method to measure pelvic tilt is inaccurate as trigonometric measurement did not provide direct measurement 
while commercially available digital inclinometer lacks the flexibility to accurately capture the contour of the body. Hence, 
cotton cloth, which is flexible to conform to human body contour, is proposed as the new material to fabricate pelvic tilt 
accelerometer sensor. 
2. Materials and Method 
2.1.  Material Processing 
The outer layer of cotton fibers is originally covered with a layer of natural wax on their surface. Scouring treatment 
needs to be carried out to remove all the natural wax from the textiles materials to improve nanomaterial adherence onto the 
fiber. In the scouring treatment, cotton fabrics were immersed in boiling 20 mg/ml soda ash, Na2CO3 solution. Other 
materials that were used are 20 wt% silver nanoparticles (AgNPs) ink (719048, Sigma-Aldrich,USA) and commercially 
available tapioca flour. The silver nanoparticles ink was used as received without further modification. 
2.2. Sensor Design 
The accelerometer sensor is designed as a cantilever beam structure with suspended mass at one end (Fig. 1a). The 
conductive section of the sensor consists of two low conductivity region and three high conductivity region (Fig. 1b). The 
low conductivity sensing gauges region should have the highest gauge factor compared to high conductivity region. This is 
to avoid the influence of bending in different directions to pelvic tilt measurement accuracy. The conductor part in between 
the two sensing gauges is made to be highly conductive for avoiding the influence of twisting in different planes on sensor 
reading. A 10 g mass is attached using glue at the other end of the cantilever to allow sensor to detect pelvic movement by 
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the gravitational force acting on it. The mass is fabricated by flattening solder iron. Attachment to external circuit is placed 
at the two electrodes. Figure 1 below shows the design of the sensor proposed in this project.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Schematic drawing of accelerometer design. (b) Close-up drawing on conductive section of accelerometer. (c) Actual photo 
of textile cantilever accelerometer. 
2.3. Sensor Fabrication  
Pattern for low conductivity region of the sensor or the sensing gauges region (Fig. 1a) is formed on textile by stamping 
approximately 0.2 μl AgNPs ink (Sigma-Aldrich,USA) on the textile. Another 0.3 μl AgNPs ink was applied on the stamp 
to fabricate the high conductive region of the sensor. Silver ink was initially dropped on the stamp with micropipette and 
leveled on its surface. The stamping forces were ensured to be around 29.43 N. The cotton textile was ironed along with 
tapioca starch to induce stiffness. Tapioca starch was prepared by mixing 100g tapioca flour and 100 ml water with heat 
applied until a clear gel formed. Stiffness was also increased by attaching together three layers of cloth.  
2.4. Sample Testing and Characterization 
The sample was cut into a dumbbell shape and placed in tensile testing machine. The sensor stiffness was measured with 
Lloyd Tensile Testing Machine LRX 2.5 kN. Then, resistance measurement was taken from electrode to electrode with LCR 
meter MCP BR 5816. The resistance was measured when no bending or strain applied to the sensor. Five measurements 
were taken for each sensor. Sensor calibration was performed using simple cantilever beam setup (Fig. 2). The sensor was 
bent from 0 to 60 degrees and the change in resistance was recorded with the LCR meter. Bending angles were calibrated 
using a goniometer placed at the side of the sensor. Calibration curve was plotted to obtain sensor characteristics. Figure 2 
below described the configuration used for the cantilever bending setup. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) Schematics of cantilever beam setup. (b) Actual photo of cantilever beam setup. 
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3. Results and Discussion 
The tensile test shows that the Young's Modulus of the sample used in our experiment is about 2015.8 ± 531.5 MPa. 
Hence, cotton fiber loses its natural flexibility. High variation exists among samples tested mainly due to uneven 
distribution of starch in cotton fabrics. 
The resistance of the sensor was measured and shown in table 1 below: 
 
Table 1: Initial resistance of the sensor measured with LCR. 
 
  Initial Resistance (MΩ)   
Trials 1 2 3 4 5 Average 
Sample 1 29.92 30.45 31.63 31.55 31.32 30.97 ± 0.75 
Sample 2 27.65 27.54 27.79 27.85 28.83 27.93 ± 0.52 
Sample 3 17.03 16.98 16.97 17.03 17.01 17.00 ± 0.03 
Sample 4 22.95 22.73 23.73 22.65 22.72 22.96 ± 0.45 
Sample 5 23.54 23.89 24.96 24.44 24.76 24.32 ± 0.59 
 
Since the sensors were fabricated using nearly the same parameters, they should produce nearly similar amount of 
resistance. Thus, it was expected that these sensors should behave similarly in all tests. However, the results in table 1 
showed that the values of the initial resistance of the sensors vary between 17.00 MΩ to 30.97 MΩ. This deviation indicated 
that the fabrication process might contain errors such as inaccurate volume of silver nanoparticles being stamped and 
variation of the forces applied during stamping. The distribution of the silver nanoparticles on the stamp prior to stamping 
might be uneven. All of these process variations translate into the variation of initial resistance of the sensor’s piezoresistor. 
The standard deviations of the resistance measurement for each sample are relatively low indicating reproducible 
measurement by the LCR meter. 
The calibration curve was obtained by measuring resistance as samples were bent at certain degrees. Gauge factor, G.F. 
value was obtained from the slope of the relative resistance change, ΔR/R0, versus strain, ε as depicted in the equation  (1) 
below: 
              (1) 
R in equation (1) refers to the resistance of the sensor while R0 refers to the initial sensor resistance. The strain was 
calculated by using equations (2), (3) and (4) below. These equations are based on the equations for cantilever beam. 
Initially, the load applied, W, was calculated using equation (2). Then, the stress on cantilever beam's surface, , was 
calculated using equation (3). The strain, ε, on cantilever beam's surface is calculated using equation (4). 
 
                         (2) 
 
                      (3) 
 
                                             (4) 
 
               (5) 
 
 
In equation (2) and (3), L refers to the beam's length. b and h in equation (3) and (5) refer to the cantilever width and 
thickness respectively. Equation (3) is only valid for cantilever beam with rectangular cross-section. In equation (2), (4), and 
(5), E represents material's Modulus of Elasticity or Young's Modulus, while I represents the area moment of inertia and θ 
refers to the bending angle. 
Nevertheless, all samples show nearly linear behavior of resistance increase as the bending angle is increased as shown in 
Figure 3. The increase can be associated to the increase of silver nanoparticle-to-nanoparticle distance in the tension area of 
the sensor. Table 2 shows the linear regression values for each sample. Average gauge factor, which relates to sensor's 
sensitivity, is 7.796 with standard deviation of 2.835. The standard deviation is relatively high when compared with average 
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gauge factor value, which shows variation among samples. Hence, some samples are more sensitive to others which may 
happen due to the difficulties in maintaining similar fabrication parameters. The coefficients of determination, r2, were 
above 0.870 for all samples, indicating a good fit between relative resistance change and the applied strain. The relative 
resistance change, ΔR/R0, has strong positive correlation with the strain since the correlation coefficient, r, is above 0.933 
for all samples. Therefore, this proves that this concept for textile-based pelvic tilt accelerometer is feasible as there is a 
measurable parameter related to the change of tilting angle. All samples also exhibit offset value as high as 0.043 unit of 
relative resistance change. Hence, this offset must be corrected within the signal conditioning circuit for further 
characterization. 
 
Table 2. Linear regression values and correlation coefficient of five textile-based accelerometers samples. 
 
 
Figure  3. Calibration curves of textile-based accelerometers. 
 
4. Conclusion 
Overall, the concept of textile-based pelvic tilt accelerometer has been proven to be feasible to detect change of tilting 
angle. Further works are required to improve the fabrication process to obtain better repeatability and more accurate result. 
Sample Gauge Factor (G.F.) Coefficient of determination, r2 Offset Correlation coefficient, r 
1 8.92 0.972 -0.001 0.986 
2 10.90 0.944 -0.026 0.972 
3 9.48 0.870 0.043 0.933 
4 5.52 0.974 0.010 0.987 
5 4.16 0.964 0.007 0.982 
Average 7.796 ± 2.835 0.945 0.0066 0.972 
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